Hemiascomycetes are species of yeasts within the order Saccharomycetales. The order encompasses disparate genera with a variety of life styles, including opportunistic human pathogens (e.g., Candida albicans), plant pathogens (e.g., Eremothecium gossypii), and cosmopolitan yeasts associated with water and decaying vegetation. To analyze the phylogeny of medically important species of yeasts, we selected 38 human pathogenic and related strains in the order Saccharomycetales. The DNA sequences of six nuclear genes were analyzed by maximum likelihood and Bayesian phylogenetic methods. The maximum likelihood analysis of the combined data for all six genes resolved three major lineages with significant support according to Bayesian posterior probability. One clade was mostly comprised of pathogenic species of Candida. Another major group contained members of the family Metschnikowiaceae as a monophyletic group, three species of Debaryomyces, and strains of Candida guilliermondii. The third clade consisted exclusively of species of the family Saccharomycetaceae. Analysis of the evolution of key characters indicated that both codon reassignment and coenzyme Q 9 likely had single origins with multiple losses. Tests of correlated character evolution revealed that these two traits evolved independently.
The Ascomycota include three major groups, the monophyletic Euascomycetes (molds), the Hemiascomycetes (yeasts), and the Archiascomycetes, which contains taxa that likely arose before the other lineages (35) . According to the taxonomic study of the yeasts by Kurtzman and Fell (23) , the Hemiascomycetes comprise one large order, the Saccharomycetales, which was established in 1960 by Kudrjavzev (17) . All members of this order are characterized by (i) no or only rudimentary hyphae, (ii) vegetative cells that proliferate by budding or fission, (iii) cell walls that lack chitin, and (iv) asci that are formed singly or in chains (17) . Phylogenetic analyses of ribosomal DNA (rDNA) and RNA polymerase II (RPB2) gene sequences support a single evolutionary origin of the Saccharomycetales (1, 3, 29) . However, to date, only a few representatives of the order have been included in molecular phylogenetic studies of the higher-level relationships among the Ascomycota.
The order Saccharomycetales contains many species of practical importance and scientific interest, including several species that are pathogenic for humans, such as Candida parapsilosis, Candida tropicalis, and Candida albicans, which is the most common human pathogenic fungus (4) . Other species of the Saccharomycetales are exploited by industry to produce secondary metabolites and fermentative by-products (23) . During the translation of mRNA to polypeptides, several species of Candida exhibit alternative codon usage. The reassignment of the codon CUG from leucine to serine was first described by Kawaguchi et al. (16) for Candida cylindraceae. Sugita and Nakase (44) applied phylogenetic methods to investigate relationships among Candida species with alternative use of the CUG codon. They showed that only 11 of 78 species of Candida used CUG as a codon for leucine. The remaining 67 species translated CUG as serine, but they did not form a monophyletic group. The authors suggested a correlation between codon reassignment and coenzyme Q 9 (Co-Q 9 ) as the predominant ubiquinone in these species based on chemotaxonomy. Co-Q is a mitochondrial electron carrier with various numbers of isoprene units. The length of the isoprene chain is usually consistent within a monophyletic group (49) and has therefore been used in yeast taxonomy.
The order Saccharomycetales is purported to comprise 11 families and 55 genera (23) . However, the family assignments of several genera of budding yeasts, e.g., Pichia and Debaryomyces, remain questionable (23) . Because of a lack of distinctive morphological characters, molecular methods are invaluable for clarifying the phylogenetic relationships among ascomycetous yeast species. Previous phylogenies were based on single genes (7, 21, 22) , sampled only one family (25) , or were restricted to the most common pathogenic species of Candida (14, 30, 31, 50) . The single-gene studies have focused on the actin gene (ACT1) (7) or the large (26S rDNA) or small (18S rDNA) ribosomal subunit (21) and generally lacked good statistical support, especially for relationships along the backbone of the trees. Relationships among different genera or families of the Saccharomycetales were rarely resolved. Recently, Kurtzman and Robnett (25) presented a multigene phylogeny based on three nuclear rDNA genes (18S rDNA, 26S rDNA, and ITS [internal transcribed spacer]), three proteincoding genes (EF-1␣, ACT1, and RPB2), and two mitochon-drial genes (small-subunit rDNA and COX2). This impressive study included 75 species but focused on members of the "Saccharomyces complex" and included only one pathogenic species of Candida (25) .
The major goal of the present study was to generate a multigenic phylogeny of the families of Saccharomycetales that included the clinical and related species. We used maximum likelihood inference and a Bayesian metropolis-coupled Markov chain Monte Carlo analysis to evaluate the statistical support for the observed evolutionary relationships. We used the phylogeny to examine the evolution of alternative codon usage and isoprene chain length in Co-Q. Although others have correlated these two traits (44) , our extensive data set of DNA sequences allowed the application of different statistical methods of character mapping, reconstruction of the ancestral character state, and evaluation of correlated character evolution. We used six nuclear genes (four encoding proteins, 18S rDNA, and 26S rDNA) and included 38 species from 5 of the 11 families recognized by Kurtzman and Fell (23) . Several criteria guided the selection of strains: (i) a broad taxonomic sampling that included environmental and clinical isolates, (ii) taxa with different Co-Q systems, and (iii) Candida species with reassigned codon usage. We selected strains that permitted each of these features to be analyzed independently and allowed evaluation of putative associations among them.
MATERIALS AND METHODS
Taxa and extraction of DNA. We sampled 38 strains, representing 11 genera and 5 families of the order Saccharomycetales (23) . The identity, taxonomic classification, and source of each strain are listed in Table 1 , which includes the GenBank accession numbers for the sequenced genes of each taxon. All fungi were cultured on yeast extract-peptone-dextrose (Difco) agar at room temperature. Each strain was suspended in 400 l of 2ϫ cetyltrimethyl ammonium bromide buffer, and genomic DNA was extracted as described by Gardes and Bruns (10) and stored at Ϫ20°C. Table 1 also lists the GenBank accession numbers of rRNA sequences of Schizosaccharomyces pombe and Neurospora crassa, representative taxa of Euascomycetes and Archiascomycetes, which were compared with species of Saccharomycetales to assess their monophyly. We also included two basidiomycetes to root the Ascomycota, Althelia bombacina and Coprinus cinereus.
Amplification and sequencing of gene fragments. Using the primers indicated in Table 2 , we amplified and sequenced a portion of the following genes from each taxon: actin (ACT1), elongation factor 2 (EF2), RNA polymerase B subunit (RPB1), small-subunit rRNA (18S rDNA), and large-subunit rRNA (26S rDNA). The resulting amplicons ranged in size from approximately 600 (EF2 and ACT1) to 1,400 (26S rDNA) nucleotides. The PCR mixture consisted of 25 l of 75 mM Tris-HCl (pH 8.0), 20 mM (NH 4 ) 2 SO 4 , 1.5 mM MgCl 2 , 0.01% Tween 20, 7.5 pmol of each primer, 100 M deoxynucleoside triphosphates, 1.0 U of Taq polymerase (Marsh), and 20 ng of genomic DNA. An initial denaturation at 95°C for 5 min was followed by 35 to 45 cycles in which the annealing occurred at 50°C (or 58°C for primers EFIIF1 and EFIIR2) for 30 s, elongation at 72°C for 45 s, denaturation at 95°C for 60 s, and a final extension for 10 min at 72°C. To amplify the 1.2-kb fragment of the RPB2 gene, we used the PCR protocol of Liu et al. (29) . Amplicons were sequenced by using BigDye terminator chemistry with separation and detection carried out on an ABI 3700 (Applied Biosystems) automated sequencer.
Alignment of sequences and phylogenetic analyses. (i) Assembly and alignment of DNA sequences. Sequence chromatograms were analyzed, assembled, and edited with Sequencher 4.1 (Gene Codes Corporation). After conversion to a FASTA format, the sequences of the EF2, ACT1, and RPB1 genes were automatically aligned by using the internet alignment program Multalin (6) . RPB2 and the rDNA genes were aligned by using ClustalW 1.81 (48) . Each gene alignment was imported into MacClade 4.05 (33) and manually edited. In addition, the four protein-coding genes were aligned according to the superimposed amino acid sequences and the rDNA genes were aligned with reference to the secondary structure, as described by Kjer (19) . Secondary structure models for 18S and 26S rRNA subunits for Saccharomyces cerevisiae were obtained from the comparative RNA website (5) . These models were used as templates for coding and alignment of the entire data set. In all six data sets, ambiguously aligned characters were excluded from the phylogenetic analyses.
(ii) Tests for substitutions and saturation of codon positions. All three codon positions in the protein-coding genes were tested independently for saturation. This was achieved by plotting genetic distances in a two-parameter model (F84; described by Kishino and Hasegawa [18] ) and the uncorrected p-distance estimates (20) . Deviation from a 1:1 ratio of the two distances was visually evaluated.
(iii) Data set partitioning, maximum likelihood, and Bayesian analyses. To appropriately model nucleotide substitutions, the data set was partitioned in several ways. In addition to analyzing all the data together, we analyzed separately the data for each gene. Each of the four protein-coding genes was analyzed for differences in the first two codon positions and the third codon position. The sequence data were also partitioned into protein-coding and rDNA genes, and the resolving powers of these data sets were compared by using maximum likelihood.
We initially analyzed each gene of the Saccharomycetales data set by using MrBayes v3.0B4 (12) . Each protein-coding gene was partitioned into two character sets (first and second codon positions versus the third codon position), and the best-fitting evolutionary model was determined for each partition by using Modeltest 3.06 (40) ( Table 3) . Each Bayesian analysis consisted of six runs of 2,000,000 generations, each using the default, uniform priors, and a sample frequency of 100. Likelihood scores of each sampled generation were plotted by using Excel (Microsoft Corp.) and visually analyzed. The trees collected before the stationary phase of the chain was reached were discarded. The trees remaining from each of the six runs were combined, and a 95% consensus tree for each gene was generated by using PAUP* 4.0b10 (45) . Consensus trees for the six different genes were then compared for topological congruence, as described by Kauff and Lutzoni (15) . Taxa were considered to be in conflict when they showed different relationships in two genes, supported by posterior probabilities of Ն95%.
Maximum likelihood analyses were conducted on the combined data for Saccharomycetales and Ascomycota and the protein-coding and rDNA genes within the Saccharomycetales, using model parameter estimates obtained from Modeltest (Table 3 ). For each maximum likelihood analysis, a heuristic search was conducted using a maximum parsimony tree as the starting tree in PAUP* 4.0b10 (45) . Starting trees were obtained by a parsimony analysis with 1,000 random taxon-addition replicates, saving 10 trees per replicate.
Maximum likelihood analyses were applied to the combined data for all the Saccharomycetales in a homogeneous analysis as described above. We also conducted two heterogeneous Bayesian analyses using the same search options and combined model settings that were used for the single-gene analyses. In the first heterogeneous analysis, each of the six genes was accommodated with a different model ( Table 3 ) without consideration of different codon positions ("6-model analysis"). For the second heterogeneous analysis, separate models were applied to the combined first and second codon positions and to the third codon positions of the four protein-coding genes ("10-model analysis"); the 18S and 26S rDNA data sets were not further partitioned (Table 3) . We also compared the protein-coding and rDNA genes in separate heterogeneous analyses. Different evolutionary models were applied to the codon positions in the combined protein-coding genes as described above ("8-model analysis"). The rDNA genes were analyzed with one model for the 18S rDNA and another for the 26S rDNA ("2-model analysis").
A likelihood ratio test was used to test whether the heterogeneous model was a significant improvement over the homogeneous model and to determine which heterogeneous analysis best fit the Saccharomycetales data (8) . The likelihood of the observed data and the degrees of freedom were calculated using PAUP* 4.0b10 (45) for the homogeneous analysis and p4 v. 0.80 (9) for the 6-and 10-model analyses. To assess whether the likelihood of the more complex model was a significant improvement, the likelihood ratio was compared to a 2 distribution.
(iv) Reconstruction of the ancestral character states and testing for the correlation of character evolution. To study the evolutionary history of alternative codon usage and number of isoprene chain units in the Co-Q system within the Saccharomycetales, we reconstructed the ancestral character states of these traits. Data for translation of the CUG codon were obtained from the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov) and an earlier study by Sugita and Nakase (44) and scored as leucine (1) or serine (0). Information on the Co-Q system was gathered from Kurtzman and Fell (23) , supplemented by the CBS database (http://www.cbs.knaw.nl). For the Co-Q system, we coded Co-Qs with nine isoprene units as 1 and Co-Qs with any other isoprene chain length as 0. Each trait was mapped under the likelihood criterion VOL. 42, 2004 MULTIGENIC PHYLOGENY OF CANDIDA 5625 The nomenclature was taken from Kurtzman and Fell (23) (27) , which is a generalization of the Jukes-Cantor model (13) , and an asymmetrical two-parameter Markov k-state model, which allows two different rates of change (forward and reverse) (36) . A likelihood ratio test (8) was applied, and the model with the best fit was chosen for ancestral character state reconstruction. At each node the ratios of likelihoods for both character states (0 and 1) were calculated. A likelihood ratio of at least 7:1 for a given character state at a node was considered to be significant (42) . To test whether the two characters evolved independently, we used a continuous Markov model in a maximum likelihood framework, as described by Pagel (36, 38, 39) and implemented in the program Discrete (37) . Discrete uses the likelihood ratio test to compare likelihoods for a model with independent transition rates for each character and a model where the transition rate for one character is dependent on the state of the other characters. The null hypothesis of independent evolution is rejected if the model of correlated evolution fits the data significantly better than the simpler model of independent evolution.
RESULTS
Phylogeny of the Hemiascomycetes. Analysis of 3,057 aligned rDNA characters of 73 ascomycetous taxa by using maximum likelihood revealed the monophyletic origin of the Hemiascomycetes (Saccharomycetales). With a likelihood value (Ϫln L) of 10,839, the phylogeny is supported by the data. The homogeneous Bayesian analysis supported this clade, with a significant posterior probability (100%) (Fig. 1) . There was significant support for monophyly of the Euascomycetes (100%) and of the Archiascomycetes (97%). The Archiascomycetes and Euascomycetes form a monophyletic sibling (or "sister") clade to the Hemiascomycetes, although support for this relationship is low. Within the Hemiascomycetes only a few terminal relationships were resolved with significant support ( 1). No statistical support was observed for the backbone of the tree within the Hemiascomycetes. Although the topology differs from the tree obtained from the Saccharomycetales data (Fig. 2) , none of these conflicts was supported in the analysis of the rDNA genes.
Analyses of single genes and topological congruence. The phylogeny of the Hemiascomycetes inferred from each individual gene (data not shown) was compared with the phylogenetic tree from the heterogeneous Bayesian analysis of the combined genes (Fig. 2) . For this comparison, we considered all clades that were statistically supported by posterior probabilities (Ն95%) (28 groups; thick branches in Fig. 2) . Although single-gene trees were compatible with the combined phylogeny in almost all cases, only 29 to 64% as many clades received significant support in the single-gene trees compared to the combined analysis. The individual genes and the number of groups with significant support are as follows: RPB1 (18 clades), RPB2 (15 clades), EF2 (10 clades), 18S rDNA (10 clades), 26S rDNA (10 clades), and ACT1 (8 clades). Table 4 lists each node recognized in the combined analysis (Fig. 2 ) and its statistical support as calculated in the single-gene tree. Twelve nodes were not supported by any of the genes. However, 5 of the 12 (nodes 4, 15, 16, 32, and 35) appeared in the combined analysis with significant support. The remaining seven were recognized but not significantly supported. Fifteen clades were supported when the rDNA genes were combined, but when the four protein-coding genes were analyzed, 35 groups were resolved with statistically significant support. In the combined analysis of protein-coding genes and rDNA genes, 7 of the 35 nodes lost their statistical support. These nodes can be found throughout the tree: node 3 is located on the backbone, nodes 19 and 20 define relationships of groups of 10 and 6 taxa, respectively, and nodes 6, 12, 14, and 24 show sibling relationships between two terminal taxa.
Among the protein-coding genes, the analysis revealed substitutional saturation in the third codon position (data not shown). For the first and second codon positions, we found no deviation from a 1:1 ratio in the distance plot, and therefore, these codon positions were unsaturated. Hence, evolutionary models were assigned to the first and second codon positions versus the third codon position in the analysis of single genes. In two cases, there was statistically significant conflict (posterior probability of 95%) among trees from the six genes. First, analysis of ACT1 grouped Issatchenkia orientalis with Pichia norvegensis, an association that was not observed in any other gene tree. In the analyses of the RPB1, RPB2, and the 26S rDNA gene sequences, P. norvegensis appeared to be closely related to Candida zeylanoides, with a posterior probability of 100%. BLAST searches of ACT1 sequences of I. orientalis, P. norvegensis, and C. zeylanoides in GenBank confirmed their identity. Second, in the EF2 gene phylogeny, P. norvegensis appeared most closely related to Candida intermedia. This result could be attributed to missing EF2 nucleotide data for C. zeylanoides, which was a sibling species to P. norvegensis in the other gene analyses.
Phylogenetic analysis of the combined data sets for Saccharomycetales. (i) Homogeneous and heterogeneous Bayesian analyses of the Saccharomycetales. The maximum likelihood analysis of the combined data for the six genes (5,064 aligned nucleotides) resulted in the single tree shown in Fig. 2 (Ϫln L 48,580; 8 df). The heterogeneous analyses of the combined data set resulted in trees with Ϫln L 47,829 (6-model analysis) and Ϫln L 46,486 (10-model analysis) at 142 and 168 df, respectively. The likelihood ratio for the homogeneous analysis and the 6-model analysis revealed that the heterogeneous model significantly improved the likelihood of the data. The 6-model analysis was then compared with the 10-model analysis. Applying different evolutionary models to codon positions, as in the 10-model analysis, results in the highest likelihood and statistical support for the relationships within the Saccharomycetales.
(ii) Phylogenetic relationships among Saccharomycetales. Three major clades were resolved within the Saccharomycetales with strong support. Clade 1 originates with node 29, clade 2 originates at node 16, and clade 3 originates at node 4 ( Fig. 2) . Yarrowia lipolytica was significantly supported as a sibling species to these three clades. Stephanoascus ciferrii formed the most basal taxon of the order, although the position of S. ciferrii was supported only by the analysis of the protein-coding genes. Clade 1 is comprised of six Candida species (C. albicans, C. dubliniensis, C. maltosa, C. tropicalis, C. viswanathii, and C. parapsilosis) and Lodderomyces elongisporus. They are most closely related to clade 2, which contains a monophyletic clade of the C. guilliermondii complex, the Metschnikowiaceae (i.e., species of Clavispora and Metschnikowia), and the sibling species C. zeylanoides and P. norvegensis. These taxa have a sibling relationship with a monophyletic clade of three Debaryomyces species. However, this association was significantly supported only by the analysis of the proteincoding genes, and there was no support for monophyly of the Debaryomyces clade. Clade 3 contains the Saccharomycetaceae and has a sibling relationship with clades 1 and 2 (Fig. 2) . In clade 3, S. cerevisiae appears most closely related to Candida castellii and Candida glabrata. These three species are related to a clade composed of Eremothecium gossypii, Saccharomyces kluyveri, Kluyveromyces lactis, and K. marxianus, which together form the sibling group to Candida norvegica and Pichia jadinii. A clade of Issatchenkia orientalis, Pichia fermentans, and Pichia membranifaciens completes this sample of Saccharomycetaceae.
Ancestral character state evolution. Ancestral character states for codon reassignment were reconstructed under the asymmetric two-parameter model. The logarithmic likelihood calculated under the model (Ϫ15.57) was significantly greater than that calculated under the one-parameter Markov k-state model (Ϫ20.57) at ␣ ϭ 0.05. The reconstruction indicated that codon reassignment occurred once in the evolutionary history of the Saccharomycetales in the most common ancestor of clades 1 and 2 (Fig. 3) . The forward transition rate (031) was calculated to be 0.16, while the backward rate (130) was 4.26. Losses of the character are therefore more likely than gains. The left panel in Fig. 3 shows the reconstructed character states for each node. Gains or losses were assigned to nodes with statistical support higher than 87% support (black and white branches in Fig. 3) . A character state could not be assigned unambiguously for nodes with less than 87% support (gray branches). The reconstruction indicates that codon reassignment occurred once, and there were at least five specific losses at the branches leading to Lodderomyces elongisporus, Clavispora opuntiae, Metschnikowia pulcherrima, Pichia norvegensis, and the Debaryomyces species (compare Fig. 2 and 3) . 5630 DIEZMANN ET AL. J. CLIN. MICROBIOL.
FIG. 2.
Combined maximum likelihood analysis of six genes (ACT1, EF2, RPB1, RPB2, 18S rDNA, and 26S rDNA) for 38 taxa of Hemiascomycetes and two outgroup species, an Archiascomycete (S. pombe) and a Euascomycete (N. crassa). Thickened lines denote heterogeneous Bayesian posterior probabilities Ն95% as calculated in the combined analysis. Node numbers are indicated above each branch. Refer to Table 4 for the statistical support of each node by each gene, as well as the combined multigenic support. Branch lengths leading to Y. lipolytica (0.19157) and the outgroup taxa (0.31967) were shortened to fit the figure. Black lines on the right indicate the three clades recognized in this study.
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For the Co-Q 9 reconstruction, the likelihood ratio test showed no significant improvement for the asymmetry twoparameter model (Ϫln L ϭ 16.68) over the one-parameter Markov k-state model (Ϫln L ϭ 16.69). Hence, the latter was chosen to assess the evolution of Co-Q 9 . Transitions from 0 to 1 and vice versa were calculated to have occurred at a rate of 1.093. Character states of nodes in the tree were assigned as described above for codon recapture. The reconstruction of the evolution of nine isoprene subunits of Co-Q suggests that the most common ancestor of all three clades had nine subunits and that multiple losses occurred within clades 2 and 3 ( Fig. 2 and 3) .
When correlated evolution between codon recapture and Co-Q 9 was tested, the null hypothesis of independent evolution could not be rejected (P ϭ 0.1430). Likelihoods for two models of evolution (independent versus dependent) were calculated and compared in a likelihood ratio statistic. The likelihood of the model of dependent evolution was not significantly higher than the likelihood of the independent model. Since no significant correlation between the evolution of these characters could be detected by these reconstruction methods, we conclude that they evolved independently.
DISCUSSION
The phylogenetic results provide statistically significant support for the monophyletic origin of two families of Saccharomycetales, the Metschnikowiaceae and Saccharomycetaceae. Previous studies also concluded that these families are monophyletic, albeit with low statistical support (7, 21) . The combi- nation of multiple-gene and statistical approaches provided strong support for these two families. Kurtzman and Fell (23) were uncertain about the placement of the genera Issatchenkia and Debaryomyces within the Saccharomycetaceae. Our results suggest that Issatchenkia is a basal genus of the Saccharomycetaceae (clade 3). The three species of Debaryomyces appear to be closely related to the Metschnikowiaceae (clade 2).
Most, but not all, of the pathogenic species of Candida were placed within the well-supported clade 1. However, common pathogenic Candida species and emerging pathogenic yeasts (11) can be found in every major clade of the phylogram (Fig.  2) ; e.g., C. glabrata is in clade 3. C. viswanathii, a rare opportunistic pathogen, is closely related to C. tropicalis, as noted by Barns et al. (2) . With the exception of C. glabrata (Torulopsis glabrata), the most prominent clinical species of Candida are clustered in clade 1. However, clade 1 also includes at least two nonpathogenic species (C. maltosa and L. elongisporus). This result, as well as the placement of other opportunistic pathogens in different clades (e.g., C. glabrata, C. lusitaniae, C. guilliermondii, I. orientalis [C. kruesei], and S. cerevisiae), suggests that pathogenicity evolved independently on multiple occasions. Indeed, the base of the phylogram includes two extremely rare pathogens, Y. lipolytica (anamorph, Candida lipolytica) and Stephanoascus ciferrii (anamorph, Candida ciferrii) (11) .
Combining sequence data for six genes in a phylogenetic analysis enabled us to clarify several other relationships among the species and families of medical yeasts. (i) Previous studies analyzed single genes and failed to define the relationships among C. albicans, C. viswanathii, C. tropicalis, and C. parapsilosis with significant statistical support (7, 14, 21, 50) . This investigation resolved the phylogeny of these species. (ii) S. kluyveri was thought to be most closely related to S. cerevisiae, despite low statistical support (7) . However, our analysis determined that S. kluyveri belongs in the Saccharomycetales but is more closely related to the genus Kluyveromyces than Fig. 2 with character states for the translation of CUG (left side) and the presence or absence of Co-Q 9 (right side) in the terminal taxa. The small rectangles in the center denote each species in Fig. 2 . Different branch shading demarks reconstruction of ancestral character states. Black and white branches represent branches for which the presence or absence of the character could be reconstructed unambiguously with a statistical support value of Ն87%. Uncertainty in character reconstruction is indicated by gray branches (Ͻ87%). (7, 21) . As neither genus is monophyletic, we recommend a reexamination and revision of these multifarious genera. A discrepancy of minor importance involves the placement of P. norvegensis, a member of the polyphyletic genus Pichia. Kurtzman and Robnett's comparison of 26S rDNA sequences of 500 species of ascomycetous yeasts put C. zeylanoides in the Debaryomyces clade, and P. norvegensis was grouped with Pichia and Issatchenkia (24) . Similarly, an analysis of the actin gene phylogeny placed P. norvegensis with the other Pichia species, some distance from C. zeylanoides (7) . In agreement with these studies, our actin gene tree also grouped P. norvegensis with other Pichia species. However, analyses of the RPB1, RPB2, and 26S rDNA genes (Table 4 , node 21) provided excellent support for the arrangement in our combined tree (Fig. 2) . The previous studies used the type strain of P. norvegensis (CBS 6564), whereas we used a different strain, P. norvegensis var. zeylanoides (CBS 1922) .
We also investigated the evolutionary associations of two traits common among the Saccharomycetales: codon usage and the Co-Q 9 system. Although an examination of these character states among the terminal taxa suggested a correlation between codon recapture and Co-Q 9 (44), our comparative analyses did not find significant support for the coevolution of these characters. Of course, this analysis may have been affected by the taxa we sampled, and the inclusion of more taxa might lead to a different conclusion. However, there was significant support for the monophyletic origin of CUG usage.
Most human pathogenic species of Saccharomycetales are equipped with alternative CUG usage, Co-Q 9 , or both. These attributes may be advantageous for pathogenicity of these organisms in mammals, which is a hypothesis that remains to be tested. Recent reviews of the CUG reassignment from leucine to serine indicate that the requisite serine-tRNA CAG evolved in an ancestor to both Saccharomyces and Candida, and this gene was subsequently lost from Saccharomyces (34, 43) . There is some experimental evidence that the redefinition of the CUG codon destabilized the proteome, leading to the overexpression of stress proteins that may have imparted an evolutionary advantage to pathogenic yeasts (43) .
Regarding the type of Co-Q, our data significantly support a phylogeny with Co-Q 9 as the ancestral character state for the entire Saccharomycetales, with a loss in the Saccharomycetaceae lineage. Co-Q 9 is present in the two most distal taxa, Y. lipolytica and Stephanoascus ciferrii, as well as in the Archiascomycetes, Euascomycetes, and many basidiomycetes. Additional taxa will need to be analyzed to determine more precisely where, and how often, species within the Saccharomycetaceae replaced Co-Q 9 (with Co-Q 6 or Co-Q 7 among the taxa in clade 3). Obviously, neither the redefinition of CUG or the presence of Co-Q 9 is essential for pathogenicity, as many pathogenic yeasts and molds translate CUG as leucine and use other forms of Co-Q.
For a long time, rDNA genes were the only accessible source of data to investigate phylogenetic relationships among fungi. That situation has changed over the last several years with the increasing accumulation of protein-coding DNA sequences in databases and the completion of genome sequencing projects. This investigation demonstrates the value of including proteincoding sequences, which contributed significantly to the statistical support and resolution of the phylogeny. Protein-coding DNA sequences are easier to align than data derived from rDNA genes, especially when the investigated taxa span several families, as presented here. Another limitation of rDNA sequence data is that these genes are highly conserved, variation is limited, and multiple substitutions may occur. This study also illustrates the importance of analyzing relevant genes to elucidate specific relationships; for example, clade 1 was defined by the rDNA genes, but relationships within the clade were resolved by analyzing the RPB1 and RPB2 genes. As illustrated in Table 4 , reliance on a single gene or two may yield inaccurate results. The availability of a well-supported multigene phylogeny also provides a valuable framework for assessing the results of ongoing genome projects and comparative genomics.
This multilocus phylogeny has clarified the evolutionary relationships among the medically important and related species of Saccharomycetales, defined taxa that require further investigation, and analyzed the origins of pathogen-related characters.
